The goal of this supplementary document is to provide additional background and analysis in support of the main text. All of the data, python and R-scripts, as well as instructions on how to replicate our analysis can be found here: https://github.com/people3k/pop-solar-sync. The supplementary information consists of three sections. First, we provide additional background on the interpretation of large numbers of radiocarbon ages as a proxy for energy consumption. Second, we discuss in more detail the methods of our study and the effects of calibrating radiocarbon ages on high frequency synchrony. Third, we provide supplemental analysis of the synchrony between records of energy consumption, including raw correlation coefficients and mutual information coefficients for all pairwise combinations of records.
Energy Consumption Data
To study the synchrony of energy consumption among human societies we used historical and archaeological data. The historical data come from the secondary sources listed in the main body of the paper. The archaeological data come from primary data sources and published secondary radiocarbon data sets of radiocarbon ages. Neither the historical nor archaeological data set comprises a random sample of human societies, but a selective sample based on the availability of long-term records.
We used the following criteria to identify radiocarbon records for comparison . First, the sequences of radiocarbon ages needed sufficiently large samples of ages (1) , > 1000, and needed to be from different continents. We selected sequences from different continents so that we could study the effects of distance between sequences on patterns of synchrony. Second, we selected radiocarbon records that met the above criteria (> 1000 ages and from different continents) that would represent different biophysical environments. Obviously, ecosystems have changed over the last 10,000 years, but England has been cool and moist relative to the Atacama Desert in N. Chile over this time period.
A. Interpretation of radiocarbon age frequencies. There is some debate in archaeology about how best to interpret time-series of radiocarbon ages. Much of this debate centers on biases in the collection of the radiocarbon ages (e.g., over sampling a feature, site or time-period due to researcher bias). This risk is minimized by culling radiocarbon ages that overlap from the same feature or archaeological site and obtaining samples larger than 1000 ages (See Methods section of the main paper). Another potential issue with radiocarbon ages is taphonomic bias. This is the idea that organic carbon has been deleted more as we metaphorically go back in time due to erosion and other geological changes (2) .
We do not use a transformation to correct for taphonomic loss of dates here for three reasons. (A) We do not have a prior reason to expect that date loss is occurring in the same way across all sequences that we analyze (1) , and the sequences we analyze are drawn from really large areas (e.g., the state of California), which averages over many kinds of depositional environments; some of these environments may experience high rates of loss of preserved carbon, others may preserve discarded carbon at high rates. (B) Using a taphonomic transformation gives unrealistic results in several sequences. For example, transformation of the UK record results in an interpretation that there were many more people and much more economic activity in prehistoric Britain at 5,000 cal BP than during the Roman Period. This does not fit with other patterns in the archaeological record, and we note that researchers working in this particular area do not use a taphonomic transformation (e.g., 3, 4) . (C) Using a transformation does not fundamentally change our results. Our conclusion is that much more work is needed to understand when the correction should and should not be used.
Another salient interpretive issue for our study is whether large samples of radiocarbon ages are associated with changes in population abundances or energy consumption more generally. One study documents positive covariation between radiocarbon age frequencies and other measures of population (5) . Here we use a simple parametric model that grounds our interpretation of radiocarbon age frequencies as a reflection of waste production, which varies with population size and political-economic activity at any given time period t. The model is,
Et = q0e
I t Nt. [1] Where Et is the energy consumed at time t; Nt is population size at time t; It is the complexity of infrastructure at time t; and q0 is a constant, biologically determined metabolic rate (energy per person per unit time). Even though simple, Freeman
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et al. (6) illustrate that population and an estimate of political-economic complexity explain much of the variability (R 2 > 80 %) in energy consumption among contemporary societies, whether modern hunter-gatherers or post-industrial economies. In short, the assumption that large samples of radiocarbon ages reflect variation in attributes of prehistoric human populations (energy throughput/population size) is supported by a frame of reference.
Frames of Reference, Calibration, and Inferring Patterns of Synchrony
Investigating the synchrony of human energy consumption over deep-time (thousands of years) requires methods for determining the effects of calibration on the synchrony of radiocarbon records. Calibration is the process of using multiple proxies to align radiocarbon ages with calendar dates. "Raw" radiocarbon ages are determined based on the constant decay of the radioactive 14 C isotope. Thus, to determine the calendar age of a radiocarbon date, one must adjust for the proportion of 14 C that was in the atmosphere when a dated organism lived. The issue here is that when one calibrates, systematic error associated with calibration may affect the significance of mutual information values between time-series and solar energy. We strongly caution against over interpreting significance values that may suggest time-series are synchronous with each other or with solar energy. Rather, interpretation must follow from solid frames of reference.
A frame of reference is a body of knowledge that describes the relationships between observable phenomena and may be used to make more informed inferences from the residues of unobserved phenomena that occurred in the past. For example, when a paleoecologist wants to reconstruct variation in rainfall, they must find rainfall sensitive species of trees. This means documenting strong correlations between observed amounts of rainfall in rain gauges and growth patterns of a particular species of tree over the last 100 years. Where such relationships are strong, paleoecologists can then use patterns of tree growth from said rain sensitive species that are 1000 years old to infer the level of rainfall 1000 years ago. The correlation between rainfall and tree growth over the last 100 years serves as a frame of reference (sensu 7) for inferring rainfall from tree growth 1000 years ago.
The issue in our study is that when we calibrate the radiocarbon data, we are always left with the problem of whether calibration causes patterns of synchrony or whether patterns of synchrony result from cultural processes operating in the past or both. This is a classic problem of archaeological inference. In paleoscience, researchers must always make inferences about causal processes from incomplete records. The limitation on interpreting patterns of synchrony documented in calibrated radiocarbon records, we argue, is not the ability to detect the effects of calibration on patterns of synchrony (there is always some effect), it is developing a frame of reference for inferring whether patterns of synchrony are consistent with cultural and socio-ecological processes that drive synchrony among human societies in general, in addition to the effects of calibration.
Given that no one, to the best of our ability to identify, has studied the synchrony of human energy consumption or population abundance, we have been forced to construct new a frame of reference for this study. Just as paleoecologists document relationships between tree growth and rainfall from modern instrumental records, we use the historical records of energy consumption from western Europe and Canada to document patterns of synchrony in the energy consumption of human societies. By analyzing the patterns of synchrony in the historical records, we identify patterns of synchrony between energy consumption records and energy consumption and solar energy to juxtapose with the archaeological data. To the extent that the archaeological patterns of synchrony match those of the modern cases, we can be more confident that the patterns documented in the archaeological records were driven by similar processes as the patterns in the historical records. To the extent that the patterns are not redundant between the two sets of records (archaeological vs. historical), then either (A) calibration is obscuring the patterns and driving most of the synchrony, or (B) the dynamics of the archaeological cases were different in some fundamental way from those in the historical record. As noted in the results, we see a strong congruence of patterns between the two data sets, which suggests the operation of underlying social-cultural-ecological processes, in addition to calibration, though more work is needed.
The main synchrony patterns in the historical data are:
• The historical records of energy consumption display exponential-like increases over the last 130 years. These exponential like increases are associated with major shifts in technology and social organization that raised the carrying capacity and maximum growth rates of human populations. This results in a low frequency synchrony of the mean trends of the energy consumption records (all display high, significant Spreaman's correlations).
• High frequency synchrony decreases with spatial extent/distance. Again, many of the sequences display significant mutual information values indicating that they fluctuate at similar rhythms on top of the mean trend. The strength of the pairwise mutual information values decreases with distance over space.
• The historical energy consumption records do not display high frequency synchrony with solar energy. Mutual information is extremely low and not much different than we would expect from randomly constructed surrogate time-series.
These three patterns provide a frame of reference for interpreting the synchrony of radiocarbon records documented below. We make two claims: (1) It is ambiguous how much calibration causes the high frequency synchrony that we observe between the radiocarbon records relative to other processes operating among human societies of the past. Calibration is certainly D R A F T responsible for some high frequency synchrony, but perhaps not all. ( 2) The patterns of synchrony in the radiocarbon records correspond exactly with the patterns of synchrony in the historical records of energy consumption. Thus, we argue for a common set of underlying social-ecological processes beyond calibration. But, we also clearly recognize that more work is needed. A. Documenting the effects of calibration on high frequency synchrony. Calibration may systematically shift the location of radiocarbon ages in time, leading to a high frequency synchrony signal due to methodological procedure. This is not a concern in our study of low-frequency synchrony (the correlation of mean trends). The mean trends are robust to small, systematic shifts in date locations. This is demonstrated, in part, by strong similarities of the mean trends between uncalibrated and calibrated radiocarbon ages.
There are three quantitative methods one might use to investigate the effects of calibration on synchrony. The first is to analyze the uncalibrated radiocarbon ages (See Fig. 1 in the main text). Our analysis of raw radiocarbon dates suggests that high frequency synchrony is present. This is circumstantial evidence that the radiocarbon time-series display synchrony with each other. Interestingly, as discussed below, the same patterns observed in the historical data set of energy consumption manifest in the calibrated and uncalibrated radiocarbon age data sets as well. This method is only useful for investigating synchrony between radiocarbon records, but it is not relevant for investigating synchrony between the radiocarbon records and solar energy.
The second method is to use a null model approach. Just as with the "null model" approach developed by others (e.g., (8), we construct surrogate time-series re-sampled from the real data, which allows us to assess the chance that a particular mutual information value would be generated by chance. Specifically, we removed all geological dates and used the rcarbon R package to control for inter-site sampling bias as described in the methods section. We constructed a summed probability distribution for each radiocarbon sequence and summed these sequences into 10, 20, 30, 50, 100, and 500 year bins, respectively. This means that for each bin width, we generate 1000 pairwise mutual information values from randomly re-sampled time-series and compare the actual mutual information values to the distribution of 1000 values created by this procedure. Significant values are those greater than the 95th percentile of the distribution of 1000 values created by re-sampling. As noted in the Methods section of the main paper, we use a Markov Process that preserves local fluctuations in the time-series. Fig. 1 provides an example of the output generated by this procedure.
Third, we created 100 sequences of 1500 simulated radiocarbon ages by drawing 100 samples from a randomly fluctuating, uniform distribution of 1 million mean radiocarbon ages. We then analyzed the high frequency synchrony of these simulated D R A F T sequences summed into bins of 10, 20, 30, 50, 100, and 500 year intervals for both calibrated and uncalibrated simulated dates. When analyzing the calibrated dates, we calibrated and constructed summed probability distributions using three different standard errors, 20, 50, and 100. This allowed us to investigate how changes in error affect the synchrony of calibrated radiocarbon ages with each other and with solar energy.
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Real Sim20 Sim50 Sim100 Real Sim20 Sim50 Sim100 Real Sim20 Sim50 Sim100 In sum, we find that randomly fluctuating radiocarbon time-series appear synchronous with solar energy once calibrated. Fig.  2A illustrates the percentage of time-series that display significant mutual information values with solar energy, once calibrated, among the real and simulated data sets. Clearly, as the standard error of the simulated data sets increases, a greater percentage of sequences display significance. This is true across all of the potential bin sizes of 50 and lower. As displayed in Fig 1E of the main paper, the mutual information values between solar energy and the radiocarbon records, as well as the historical record are extremely low < 0.08, and the historical and archaeological cases display statistically indistinguishable values with solar energy. Given that the mean error of our data sets, save Australia, all fall between 50 and 80 years, it is likely that calibration is generating "false significance" in many pairwise interactions. The key is that the effect sizes (mutual information values) between solar energy and energy consumption are consistent with the effect sizes among historical sequences. This suggests that calibration rather than social-ecological processes causes the synchrony signal with solar energy in the radiocarbon records.
As with solar energy, calibration has an effect on our interpretation of the high frequency synchrony between radiocarbon records. Among simulated dates, as we increase the standard error of the simulated dates from 20-to-50-to-100, we observe a higher percentage of significant mutual information values across bin widths less than 100, and we observe increases in the mutual information values between simulated records ( Fig. 2B & C) . In short, calibration has some effect on high frequency synchrony. The most basic expectation that follows from our analysis of simulated dates is that sequences with greater error, once calibrated, will have higher mutual information values with other sequences, all else equal. We, however, do not find support for this expectation but rather a negative to no relationship between error and calibrated mutual information values. Almost every record has a mean error of 50-80 years and almost a vertical distribution of mean mutual information values. These patterns leave ambiguity about what other things are not equal in our real data set (Fig. 3 ).
Do the above patterns mean that prehistoric human societies did not display high frequency synchrony? Maybe. There simply is not enough information from studying simulated dates alone to make this inference, and one needs additional frames of reference.
A.1. Multiple frames of reference are necessary to infer patterns of synchrony. Our simulated dates are one frame of reference for understanding whether calibration affects the high frequency synchrony of radiocarbon records. This frame of reference is a tool that allows us to answer in the affirmative. Calibration affects synchrony. This should not lead to the conclusion, however, that social-ecological-cultural processes do not affect synchrony. To draw such a conclusion would be like a paleoecologist, armed with a model of how biotic interactions affect tree growth, concluding that one cannot infer past rainfall from tree growth because there is a correspondence between past tree growth and biotic interactions. In theory, biotic interactions and rainfall both have effects on tree growth. Without a frame of reference for quantifying the relationship between tree-ring growth and rainfall, it is impossible to conclude that biotic competition alone drives tree growth. We are in the exact same situation here. Calibration affects patterns of synchrony, but culture processes may also. What we need is a frame of reference that allows us to quantify patterns of synchrony generated by potential social-ecological-cultural processes.
The patterns of synchrony in the energy consumption records of western Europe and Canada provide such a frame of reference. As we note in the main text, in both the archaeological and historical data sets, the records display exponential-like growth over time and high frequency synchrony decays with distance. The fact that the radiocarbon records replicate these patterns, especially high frequency synchrony (mutual information values) decaying with distance, suggests that cultural processes at work in the historical record of the last 130 years were also operating over the last 10,000 years, driving some of the synchrony that we observe in the radiocarbon records ( distance occurs across all bin sizes among the radiocarbon records. In theory, the process of globalization should lead to a decay in high frequency synchrony with space. Of course, more work is needed. This is an initial attempt to study global patterns of energy consumption over millennia and deal with the methodological complexities inherent in such a study.
To be absolutely clear, we are not dismissing the effects of calibration on synchrony; this effect can be inferred through our study of simulated dates. At the same time, an effect of culture process on synchrony is inferred through our study of modern energy consumption records and using this as a frame of reference. We suggest that more comparative work with larger sample sizes and with finer spatial gradients is necessary.
Analysis of Time Series
In this section we provide all of the time-series from our data sets, mutual information values and correlation coefficients. The Spearman's correlation analysis observes the relationship between the raw energy consumption mean trends over 10,000 and 130 years respectively. Our mutual information analysis transforms each time-series into a symbolic time-series, as discussed in the main text.
To calculate the mutual information of any two time-series, we first calculate the entropy of a time-series X as:
where Hx is the entropy of the time-series; p(xi) is the probability that X takes the value xi and estimates the proportion of xi in the time series. The joint entropy of any two time-series, then, is:
where p(x1 i , x2 j ) is the probability of observing simultaneously x1 i and x2 j in the series. Given the joint entropy of any two transformed time-series, we can calculate the mutual information of any two time-series, X1 and X2, as
where HX 1 and HX 2 are the entropy of the symbolic series X1 and X2, and HX 1 ,X 2 is their joint entropy. Note that mutual information, while having a lower boundary at 0, does not have a standardized upper boundary. It may be useful when comparing pairwise values of mutual information to normalize the mutual information value with a standard upper bound. We did this by calculating a normalized version of the mutual information, also called an uncertainty coefficient, by dividing the mutual information by the sum of the entropy of the two symbolic time-series in question. The uncertainty coefficient indicates the proportion of uncertainty reduced in time-series X1 if one knows time-series X2. Given that the uncertainty coefficient can be calculated only with respect to one time-series, we adopt its symmetric variation: where IX 1 ,X 2 is the mutual information calculated above and HX 1 + HX 2 is the sum of the entropy of time-series X1 and X2. The uncertainty coefficient is, in other words, a normalized version of the mutual information, and it is bounded between 0 and 1. When we normalize the mutual information values, creating the uncertainty coefficient, the results presented in the main text replicate. For example, Fig. 5A illustrates the distribution of normalized mutual information values (uncertainty coefficient) from within the same continent (Utah-Arizona) and between continents (Utah-Chile). As with Fig Figs. 8 and 9 display pairwise Spearman's correlations for the historical and archaeological cases, respectively. Note, we do not put any weight on the significance calculations symbolized by the stars next to each coefficient in the graphic. These significance values are not based on the underlying sample size. We include them here for completeness along with the scatterplots so that the reader can visualize how the data are related. Following the code in the FinalDataScripts/EnergyConsumption directory at https://github.com/people3k/pop-solar-sync, we ran bootstrapped Spearman's correlations to determine the likelihood that a pairwise correlation coefficient is equal to zero. One can compare the standard Spearman correlation values with the bootstrapped correlation values by comparing the files PairwiseCalSpBoot.csv and PairwiseCalSpStand.csv in the directory FinalDataScripts /SummaryAnalysis on Github (https://github.com/people3k/pop-solar-sync).
Finally, Figs. 10-22 display energy consumption and symbolically transformed time-series for W. Europe and Canada (Fig. 10 ) and the archaeological cases at different bin widths (Figs. 11-22 ). Note that as bin width increases among the archaeological cases, high frequency variation is smoothed and the mean trend of the data emphasized. Note also that, all symbolic transformations should be read from left-to-right. The symbolic transformations, as discussed in the main text, de-trend the time-series but preserve local (high frequency) variation. 
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